1. Introduction {#s0005}
===============

Legumain (EC 3.4.22.34) is an asparaginyl endopeptidase belonging to the cysteine peptidase C13 family [@bib1]. Legumain activity has been detected in a number of mouse tissues, including the kidney, placenta, spleen, liver, testis and thymus [@bib2]. Legumain degrades annexin A2 [@bib3], tetanus toxin C-terminal fragment [@bib4], cathepsins B, H and L [@bib4], (pro)legumain [@bib5], [@bib6], [@bib7], [@bib8], [@bib9] and cystatins C and E/M [@bib10]. Cystatins are reversible competitive inhibitors of C1 cysteine proteases [@bib11]. Plant-derived papain and mammalian cathepsins B, H and L interact with cystatins [@bib12]. Legumain cleaves cystatin C in specific positions, and legumain activity is competitively inhibited by other legumain substrates [@bib13]. Legumain is also overexpressed in the majority of human solid tumors, including breast cancer [@bib14], prostate cancer [@bib15], gastric cancer [@bib16], colorectal cancer [@bib17] and ovarian cancer [@bib18]. Legumain activity is increased under acid conditions in Alzheimer\'s disease brains [@bib19], [@bib20], [@bib21]. Legumain is also a key enzyme in the processing of foreign- and self-antigens for MHC class II antigen presentation [@bib22], [@bib23]. However, Rene Maehr et al. reported that legumain is not essential for MHC class II antigen presentation [@bib5]. Legumain activity is inhibited by type 2 cystatins, and cystatin E/M is the most potent legumain inhibitor [@bib24], [@bib25]. Legumain is mainly expressed in proximal tubules of the rat kidney [@bib26], and legumain might have an important role in remodeling of the extracellular matrix through degradation of fibronectin in renal proximal tubular cells [@bib27]. Legumain protease activity is regulated by pH [@bib28]. Legumain activity is rapidly destroyed at neutral pH [@bib6], [@bib7], and neutral pH destabilizes legumain or change it from a protease to a ligase [@bib10]. Legumain is also responsible for catalyzing both cleavage of peptide bond and ligation of cyclotides in a single processing event [@bib29].

*DJ-1* has been identified by us as a novel oncogene [@bib30] and was also later identified as a causative gene for a familial form of Parkinson\'s disease, *park7* [@bib31]. DJ-1 has a function of transcriptional regulation [@bib32], [@bib33], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43], and it acts as a coactivator that binds to p53 [@bib34], [@bib39].

Recently, we reported that the expression and protease activity of legumain are regulated by p53 through its binding to intron 1 of the *legumain* gene [@bib44] and that legumain expression and protease activity are regulated by p53 through DJ-1 on intron 1 of the mouse *legumain* gene after analyses using DJ-1-knockout cells [@bib45].

In this study, to confirm that legumain expression and protease activity are also regulated by DJ-1 *in vivo*, we examined the expression level and activity of legumain in various tissues of DJ-1-knockout mice. We found that the expression level of legumain mRNA was increased in a number of tissues from DJ-1-knockout mice, including the cerebrum, spleen and heart. However, legumain activity was decreased in these tissues. We also found that cystatin E/M expression was increased in these tissues from DJ-1-knockout mice. The results suggest that reduction of legumain activity is caused by an increase of cystatin E/M expression in the cerebrum, spleen and heart from DJ-1-knockout mice.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

PrimeScript RT Master Mix and Z-Ala-Ala-Asn-MCA were obtained from Takara (Shiga, Japan) and Peptide Institute (Osaka, Japan), respectively. RNA*later* and RNeasy Mini were purchased from Qiagen (Venlo, Netherlands). All other chemicals were of analytical grade and were purchased from Wako Pure Chemicals (Osaka, Japan).

2.2. Animals {#s0020}
------------

Wild-type and DJ-1-knockout mice were described previously [@bib28]. DJ-1-knockout mice with a C57BL/6 background and C57BL/6 mice that were used as control mice with DJ-1 (+/+) were housed under SPF conditions. Tissues were isolated from wild-type and DJ-1-knockout mice at 23 weeks of age, and their total RNAs and protein were extracted for further analyses. The four mice of each genotype were used in a pool of samples for each experiment, and experiments were performed in duplicates.

2.3. Reverse transcription and quantitative PCR {#s0025}
-----------------------------------------------

Total RNAs were prepared from wild-type and DJ-1-knockout mice tissues using an RNeasy mini kit. Reverse transcription was carried out in a mixture containing 500 ng of total RNAs using PrimeScript RT Master Mix (Takara, Shiga, Japan) with manufacture\'s protocol. The specific primers under the conditions of 95 °C for 30 s, 39 cycles of 95 °C for 10 s, and 60 °C for 30 s by using an SYBR *Premix Ex Taq* II (Takara) and a quantitative PCR system (MiniOpticon, Bio-Rad, Hercules, CA, USA). β-actin (ACTB) mRNA was also amplified as a reference gene. Nucleotide sequences of oligonucleotides used for quantitative PCR primers were as follows: mLgmn-F: 5′-CTTCCGCACACACTGCTTTA-3′, mLgmn-R: 5′-CTTTGTCCATGGCCATCTCT −3′, mCystatin E/M-F: 5′-CACCAGTCTCCAACCTCCAC-3′ and mCystatin E/M-R: 5′-CACAGTGGGACACAATGGGA-3′. Each experiment was performed in duplicates. To demonstrate that the differential expression is not result of primer bias, the efficiency was evaluated for each primer using a Bio-Rad CFX Manager 3.1 software, and stability of the valuable reference gene β-actin was also demonstrated.

2.4. Western blotting and antibodies {#s0030}
------------------------------------

To examine the expression levels of cystatin E/M in tissues from wild-type and DJ-1-knockout mice, proteins were extracted from the cerebrum, spleen, heart and epididymis in a solution containing 50 mM sodium citrate (pH 5.0). The proteins were then separated on a 12.5% polyacrylamide gel and subjected to Western blotting with respective antibodies. The antibodies used were anti-Actin (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-legumain (1:1000, R&D Systems, Minneapolis, MN, USA), anti-cystatin E/M (1:1000, Aviva Systems Biology, San Diego, CA, USA) and rabbit anti-DJ-1 (1:1000) antibodies. Proteins on the membrane were reacted with an Alexa Fluor 680-conjugated secondary antibody (Molecular Probes, Eugene, OR, USA) or IRDye 800- (Rockland, Philadelphia, PA, USA) and visualized by using an infrared imaging system (Odyssey, LI-COR, Lincoln, NE, USA). The relative expression level of Cystatin E/M was detected by measuring the band intensity using a densitometry.

2.5. Proteolytic activity of legumain {#s0035}
-------------------------------------

Enzyme activity of legumain was examined by measuring the fluorometrical number (excitation, 380 nm; emission, 440 nm) of liberation of AMC in a mixture containing 10 μl of 10 mM Z-Ala-Ala-Asn-MCA, 100 μl of 0.5 M sodium citrate buffer (pH 5.0), 5 μl of 1 M 2-mercaptoethanol, 20 μl of enzyme solution and water (18 mΩ) in a total volume of 1 ml. After incubation of the mixture at 37 °C for 30 min, 2 ml of 0.2 M acetic acid was added to the mixture to stop the reaction. Enzyme assays were carried out using 100 µg of total protein from each tissue. The enzyme concentration was quantified using fluorescence intensity of AMC. One unit (U) of activity was defined as the amount of enzyme that hydrolyzed 1 μmol of the substrate per min.

2.6. Statistical analyses {#s0040}
-------------------------

Data are expressed as means±S.E. Statistical analyses were performed using analysis of variance (one-way ANOVA) followed by unpaired Student\'s *t*-test.

2.7. Ethics statement {#s0045}
---------------------

All animal experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the protocols were approved by the Committee for Animal Research at Hokkaido University (permit number 08--0467).

3. Results {#s0050}
==========

3.1. Legumain expression in wild-type and DJ-1-knockout mice {#s0055}
------------------------------------------------------------

To explore the regulation of *legumain* gene expression in wild-type and DJ-1-knockout mice, the expression levels of legumain and actin mRNA were examined by RT-qPCR. Actin mRNA was used as a reference gene. As shown in [Fig. 1](#f0005){ref-type="fig"}A, D-G and I-L, the expression levels of legumain mRNA in the cerebrum, kidney, spleen, heart, lung, epididymis, stomach, small intestine and pancreas from DJ-1-knockout mice were increased by about 20%, 25%, 28%, 70%, 65%, 210%, 120%, 100% and 340% of those in wild-type tissues, respectively. The expression levels of legumain mRNA were not increased in the cerebellum, liver and testis from DJ-1-knockout mice ([Fig. 1](#f0005){ref-type="fig"}B, C and H). The expression of the β-actin gene was stable between tissues, and the reaction efficiency was between 1.8 and 2.0.Fig. 1Expression levels of legumain mRNA in wild-type and DJ-1-knockout tissues. Expression levels of legumain mRNA in wild-type and DJ-1-knockout tissues were examined by RT-qPCR (real-time PCR). Actin mRNA was used as a reference gene. The relative expression level of each mRNA toward actin mRNA is shown. A. cerebrum, B. cerebellum, C. liver, D. kidney, E. spleen, F. heart, G. lung, H. testis, I. epididymis, J. stomach, K. small intestine, L. pancreas. Statistical analyses were carried out using Student\'s *t*-test. The number of experiments (n) was 4. Statistically significant: \**p*\<0.05, \*\**p*\<0.01, \*\**p*\<0.001. Not significant: n.s.Fig. 1.

3.2. Legumain activity in wild-type and DJ-1-knockout mice {#s0060}
----------------------------------------------------------

To examine the regulation of legumain activity in wild-type and DJ-1-knockout mice, the levels of legumain activity were measured using Z-Ala-Ala-Asn-MCA as a substrate. As shown in [Fig. 2](#f0010){ref-type="fig"}D, G and I-L, the levels of legumain activity in the kidney, lung, epididymis, stomach, small intestine and pancreas from DJ-1-knockout mice were increased by about 20%, 75%, 330%, 47%, 15% and 33% of those in wild-type tissues, respectively. The levels of legumain activity were not increased in the cerebellum, liver and testis from DJ-1-knockout mice ([Fig. 2](#f0010){ref-type="fig"}B, C and H). Interestingly, the levels of legumain activity in the cerebrum, spleen and heart from DJ-1-knockout mice were decreased by about 17%, 25% and 11% of those in wild-type tissues, respectively ([Fig. 2](#f0010){ref-type="fig"}A, E and F). For example, the enzyme unit of legumain was 0.68 and 0.50 mU in the spleen, and was 0.25 and 1.2 mU in the epididymis from wild-type and DJ-1-knockout mice, respectively.Fig. 2Protease activities of legumain in wild-type and DJ-1-knockout tissues. The levels of legumain activity in wild-type and DJ-1-knockout tissues were examined by a proteolytic assay as described in Materials and methods. The relative legumain activity is shown. A. cerebrum, B. cerebellum, C. liver, D. kidney, E. spleen, F. heart, G. lung, H. testis, I. epididymis, J. stomach, K. small intestine, L. pancreas. Statistical analyses were carried out using Student\'s *t*-test. The number of experiments (n) was 4. Statistically significant: \**p*\<0.05, \*\**p*\<0.01. Not significant: n.s.Fig. 2.

3.3. Cystatin E/M expression in the cerebrum, spleen, heart and epididymis from wild-type and DJ-1-knockout mice {#s0065}
----------------------------------------------------------------------------------------------------------------

Since reduction of legumain activity was found in the cerebrum, spleen and heart from DJ-1-knockout mice, the expression level of cystatin E/M was measured. Since the greatest increase of legumain activity was found in the epididymis from DJ-1-knockout mice, the expression level of cystatin E/M was also measured. The expression levels of cystatin E/M and actin mRNA were examined by RT-qPCR. Actin mRNA was used as a reference gene. As shown in [Fig. 3](#f0015){ref-type="fig"}A, D and G, the expression levels of cystatin E/M mRNA were increased in the spleen, cerebrum and heart from DJ-1-knockout mice. On the other hand, the expression level of cystatin E/M mRNA was decreased in the epididymis from DJ-1-knockout mice ([Fig. 3](#f0015){ref-type="fig"}J). Western blotting was carried out to examine the expression levels of cystatin E/M in the spleen, cerebrum, heart and epididymis from DJ-1-knockout mice. As shown in [Fig. 3](#f0015){ref-type="fig"}B, E and H, the expression levels of cystatin E/M were increased in the spleen, cerebrum and heart from DJ-1-knockout mice, and quantification of cystatin E/M is shown in [Fig. 3](#f0015){ref-type="fig"}C, F and I. On the other hand, the expression level of cystatin E/M was decreased in the epididymis from DJ-1-knockout mice ([Fig. 3](#f0015){ref-type="fig"}K), and quantification of cystatin E/M is shown in [Fig. 3](#f0015){ref-type="fig"}L.Fig. 3Effect of cystatin E/M expression on inhibition of legumain activity. Relative mRNA level of cystatin E/M was examined by RT-qPCR (real-time PCR) in the spleens (A), cerebrums (D), hearts (G) and epididymis (J) from wild-type and DJ-1-knockout mice. Actin mRNA was also amplified by real-time PCR as a reference gene. Statistical analyses were carried out using Student\'s *t*-test. The number of experiments (n) was 4. Statistically significant: \**p*\<0.05, \*\**p*\<0.01. Proteins extracted from wild-type and DJ-1-knockout mice spleens (B), cerebrums (E), hearts (H) and epididymis (K) were analyzed by Western blotting with anti-cystatin E/M, anti-legumain, anti-DJ-1 and anti-β-actin antibodies. β-actin was used as a reference protein. The expression level of cystatin E/M was examined by Western blotting. "Pro" and "Mature" indicate active and inactive forms of legumain, respectively. The relative expression level of cystatin E/M toward actin is shown in (C) spleen, (F) cerebrum, (I) heart and (L) epididymis. Statistical analyses were carried out using Student\'s *t*-test. The number of experiments (n) was 4. Statistically significant: \**p*\<0.05.Fig. 3.

4. Discussion {#s0070}
=============

In this study, we first found that expression of the *legumain* gene was increased in the cerebrum, kidney, spleen, heart, lung, epididymis, stomach, small intestine and pancreas from DJ-1-knockout mice. The greatest increase in the activity of legumian was detected in the epididymis from DJ-1-knockout mice. Prolegumain is activated by the auto-catalysis under acidic pH [@bib7], [@bib9]. Prolegumain and DJ-1 are secreted to seminal fluid [@bib46]. DJ-1 is related to infertility of rats and mice and it takes part in fertilization for sperm to penetrate into the zonae pellucida of eggs [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52]. The level of DJ-1 was shown to be significantly lower in seminal plasma from asthenozoospermia patients than in seminal plasma from healthy donors [@bib46]. Prolegumain secretion into epididymal fluid may be increased and prevent maturation of sperm. Interestingly, we also found that legumain activity was decreased in the cerebrum, spleen and heart from DJ-1-knockout mice. Cystatins are reversible competitive inhibitors of C1 cysteine proteases [@bib11]. Plant derived papain and mammalian cathepsins B, H and L interact with cystatins [@bib12]. Legumain activity is inhibited by cystatin superfamily type 2 members, including cystatins C, F and E/M, and cystatin E/M has strong affinity to legumain [@bib24]. Secreted prolegumain and cystatin E/M are able to be internalized, and cystatin E/M inhibits legumain auto-activation intra- and extracellularly [@bib53]. Legumain activity is also regulated by pH, and neutral pH destabilizes legumain or changes it from a protease to a ligase [@bib10], [@bib28]. For example, the expression level of legumain mRNA was increased about 4-fold in the pancreas from DJ-1-knockout mice. However, legumain activity was increased only 1.35-fold in the pancreas from DJ-1-knockout mice. These results indicate that legumain may be destabilized and that its activity is inhibited under a neutral pH condition in the pancreas of DJ-1-knockout mice. Since legumain activity was strongly inhibited in the spleen in comparison with the activity in the cerebrum and heart from DJ-1-knockout mice, expression levels of cystatin E/M were measured. Cystatin E/M mRNA and protein levels were increased in the spleen, cerebrum and heart from DJ-1-knockout mice. On the other hand, cystatin E/M mRNA and protein levels were decreased in the epididymis. These results suggest that increased cystatin E/M inhibited legumain activity in the spleen, cerebrum and heart but not in the epididymis of DJ-1-knockout mice. However, since we did not measure the functional activity *in vivo* of legumain and since relationship between legumain activity and difference in its sub-cellular localization and subtle pH-change *in vivo* was not investigated, the current study has limitations and further study is needed.

In conclusion, legumain is strongly activated in the epididymis of DJ-1-knockout mice, and legumain activities are decreased in the cerebrum, spleen and heart of DJ-1-knockout mice, whereas expression levels of mRNA are increased in those tissues. Cystatin E/M mRNA and protein levels are increased in the spleen of DJ-1-knockout mice. It would therefore be interesting to further analyze the association between legumain and DJ-1 in transcriptional regulation of cystatin E/M in the spleen, cerebrum and heart.
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